Abstract-Recently proposed physical-layer network coding (PNC) [1] has demonstrated the promise to significantly improve the throughput of wireless networks whose links can be modeled as additive white Gaussian noise (AWGN) channels. However, the extension to multipath channels is problematic, since the technique would then require both amplitude and phase compensation at each transmitter. Phase compensation requires accurate distributed phase tracking, whereas the required amplitude compensation is even more troubling, as it leads to an inefficient system that yields no diversity even in the presence of perfect channel estimates. Here, a system that avoids these limitations is obtained by reaching up one level higher in the network hierarchy and performing distributed relay selection with cognizance of the PNC technique that we will employ at the physical layer. Since the resulting scheme will achieve a form of selection diversity, we term it "network coding with diversity" (NCD). To facilitate performance evaluation, two information-theoretic metrics, the outage and ergodic capacity, are studied. Our analytical and simulation results show that the proposed protocol achieves more robust performance and higher system throughput than comparable schemes. Finally, the proposed network coding is extended to the context of cooperative multiple access channels, which yields a new cooperative protocol with larger outage and ergodic capacity compared with existing transmission schemes.
I. INTRODUCTION
N ETWORK coding has emerged as a potentially powerful tool in the design of communication networks and has been widely studied since its introduction in [2] . Unlike traditional approaches to error control coding in networks, where coding was performed at the edges (i.e. "end-to-end") or on individual packets on a given link, network coding employs intermediate nodes to combine and code packets. Originally considered extensively in the context of wired communications, there has recently been extreme interest in applying network coding to wireless communication scenarios [3] - [6] . In fact, the broadcast nature of the wireless channel allows for the exploitation of some of the particular features of network coding. The prototypical framework is that of two wireless transceivers exchanging information through a relay that lies geographically between them [7] . With standard network coding, the two transceivers each employ one time slot to transmit a packet to the relay in a conventional timedivision multiple access (TDMA) scheme. Next, the relay takes the exclusive-or of these two packets and broadcasts the result during the third time slot. Armed with the packet it sent to the relay, each of the transceivers can then recover the data originating at the other relay, with the network having only used three slots rather than the traditional four [8] .
Physical-layer network coding (PNC), as proposed in [1] , is able to be even more efficient by reaching down into the physical layer. In particular, when two transceivers wish to communicate through an intermediate relay and the intervening channels can be assumed to be additive white Gaussian noise (AWGN), accurate distributed transmitter phase compensation, if achievable, allows the PNC scheme to have both transceivers transmit simultaneously during a single time slot. Rather than attempting to decode both of the packets, the relay only decodes the exclusive-or of the packets, which it then broadcasts during the second time slot. As in the network coding example above, each of the transceivers is then able to decode the information sourced at the other transceiver, but now the network only required two time slots for such an information exchange.
Hence, physical-layer network coding provides an idea with the potential for significant throughput gains in the wireless environment. However, due to the large scale path loss and multi-path fading generally encountered on wireless links [9] , there are significant problems that need to be overcome. In particular, the key step of PNC is to decode the sum received by the relay. To accomplish such, the received signals from the two transceivers must be both precisely phase-matched and have identical received powers. This requires not only that each of the transmitters have precise (amplitude and phase) channel estimates, but also that each of the transceivers performs a form of pre-equalization -a gain compensation to invert the amplitude of the intervening channel from that transceiver to the relay. Whereas the former issue is problematic due to implementation difficulty, the latter is problematic because channel inversion is wellknown to be quite inefficient. In particular, under standard frequency-nonselective Rayleigh fading channel assumptions, the average transmission power of the PNC scheme given by and f X (x) is the density function of x, is unbounded.
The main aim of this paper is to design a new form of network coding which can exploit the core idea of PNC to realize its significant throughput gain, but which avoids the difficult synchronization contraints and large transmission power required to realize the pre-equalization. The solution we propose is arrived at by viewing the problem more generally in the overall network context. In particular, rather than assuming that we are tasked with using a pre-selected relay, we instead focus on exchanging the messages from the two transceivers in a dense network where multiple relays are available for selection as the intermediate relay. By proper distributed relay selection, not only is the throughput gain of PNC realized, but a form of multi-user diversity is provided. This leads to quite promising results in terms of outage and ergodic capacity, as demonstrated here.
The contributions of this paper are as follows. First, a distributed relay selection strategy is provided that selects the relay whose resulting wireless links are best suited for physical-layer network coding. The operation of the distributed strategy will be similar to that of the strategy in [10] , and our focus here is how to determine the appropriate metric for relay selection in the context of PNC. Second, an exact expression for the outage capacity for the proposed NCD, as well as a simplified approximation for the high signal-tonoise (SNR) region, are developed. Third, upper and lower bounds on the ergodic capacity are provided for the NCD scheme, and it is subsequently shown that these bounds are relatively tight. Finally, the proposed network coding with diversity is extended to the context of cooperative networks. In particular, a new protocol is proposed in this paper for cooperative multiple access channels (CMA) by exploring the features of network coding. It is well known that many existing cooperative protocols, such as those of [11] and [12] , can yield large outage capacity, but suffer a loss in ergodic capacity compared with direct transmission. By exploring the throughput merit of network coding, the proposed CMA can achieve larger ergodic capacity than existing cooperative protocols and direct transmission, which has not been reported before.
This paper is organized as follows. The proposed network coding protocol is described in Section II. For performance evaluation, two types of information-theoretic metrics, outage and ergodic capacity are developed in Section III, and numerical results are shown in Section IV for performance comparison. Then the proposed network coding with diversity is extended to the context of cooperative multiple access channels in Section V. Finally, concluding remarks are given in Section VI.
II. PROTOCOL DESCRIPTION
Consider a sensor network with N + 2 nodes, where two source nodes try to exchange information with the help of the N relaying nodes. As shown in Fig. 1 , the information exchange consists of two stages or time slots. During the first stage, both source nodes broadcast their information to the whole network simultaneously. Unlike the PNC in [1] , our proposed protocol does not rely on the assumption of precise phase synchronization 1 . And note that no mechanism of channel pre-equalization is required at the transmitters here. The transmitted signals arrive the relays corrupted by additive Gaussian noise, large-scale path loss, Raleigh fading distortion, and inter-channel interference. Hence at the first time slot, the observation of the relay R n can be denoted as
where P is the source transmission power, s i denotes the unitpower signal transmitted from the source i, w Rn denotes the additive Gaussian noise with power P w , and h iRn denotes the gain from the source i to the relay R n . We employ a propagation model which includes path loss, shadow fading and frequency-nonselective Rayleigh fading [13] - [15] , and can be modeled as
where d iRn denotes the distance between the source i and the relay R n ,
depicts the large-scale behavior of the channel gain, α is the path loss exponent and g iRn captures the channel fading characteristics due to the rich scattering environment.
By using training symbols, it is reasonable to assume that each relay can obtain the knowledge of two the incoming channels, h 1Rn and h 2Rn (i.e. we make the standard assumption that the receiveas have channel state information). Due to the symmetry of time division duplex systems, the incoming channel and the return channel are assumed to be symmetric, h iRn = h Rni . Hence it is safe to conclude that each relay node will have the access to its local channel information without employing too much overhead. By using such local channel information, a distributed strategy of relay selection can be carried out to ensure the quality of the relayed transmission, where the detailed discussion of the strategy will be provided at the end of this section. Consider that the node R has been chosen as the best relay. To simplify the notations denote the channels between the two sources and the best relay as h 1 and h 2 , respectively.
During the second stage, the best relay employs the amplifyforward strategy and broadcasts the compressed mixture, from the observation at the source i, which yields
where w i denotes the additive noise at the source i. After algebraic manipulations, the mutual information that the source i can receive from the source j can be shown as
where ρ = P/P w denotes the signal-to-noise ratio. As a comparable scheme, the mutual information achieved by the direct transmission scheme is
where
and d 12 is the distance between the two sources.
A. Physical Network Coding
It is difficult to extend physical-layer network coding (PNC) to the multipath environment, which is the key motivation for this paper. However, we desire some logical extension as a standard of comparison for our proposed scheme, and thus we employ the scheme from [1] with a few modifications that make it functional. In particular, we assume that the PNC scheme of [1] is able to obtain perfect transmitter channel state information (CSI) to do its required distributed phase synchronization, but we also assume that it uses such CSI to do pre-equalization of the amplitude. Obviously, one immediately imagines that such pre-equalization will lead to inefficient signaling and loss of diversity gain, as noted above, but it is required for the operation of the scheme. Note that the extended scheme is only one of operable solutions to extend PNC to multipath fading environments, and its purpose is to provide a comparable scheme for the proposed transmission scheme.
If the pre-equalization is perfect, the observation at the relay can be written as
which will then be broadcast to the two source nodes. To be precise, the PNC scheme proposed in [1] utilizes the decodeforward strategy, where the received mixture is decoded and mapped to a particular constellation. As discussed in [11] , the use of decode-forward or amplify-forward strategy only results in a slight difference for the outage capacity and diversity order. Hence, to facilitate analytical analysis, an amplifyforward version of the original PNC scheme is proposed here.
Unlike the first stage, pre-equalization at the second stage will be impossible since different destination node requires different equalizer coefficients. Hence, the broadcasted mixture will arrive the receivers corrupted by path loss and fading distortion. After removing the known information, the source i will observe
whose mutual information can be shown as
Comparing (4) and (8), one observation is that the proposed NCD can yield larger mutual information than the modified PNC scheme. Considering the large SNR region, it can be expected that both mutual information can be written as log(1 + ρx), where x = for PNC. Provided that there are large number of relaying candidates, the use of relay selection can make it possible that x ≥ 1 for NCD. But x will be always less than 1 for PNC with or without relay selection, which illustrates that wireless diversity gain is not fully utilized (as expected) by PNC. This is due to the fact that PNC must treat the fading as a negative factor and uses the technique of pre-equalization to pre-cancel channel fading. In the following sections, we will provide more detailed analytical and numerical results to compare the performance of the two network coding schemes.
B. A distributed strategy of relay selection
The distributed strategy is carried out at the medium access layer to select the best relaying node. To be specific, the backoff period of each relay for carrier sensing is inversely proportional to the quality of its local channel information, where the detailed description for such a distributed relayselection strategy can be found at [10] . Our focus here is how to determine the criterion for the link quality, which is crucial to the implementation of the selection strategy. From (4), it is observed that the two destinations have different preferences. Fortunately, these two preferences do not tend to contradict each other. The relay whose channels I 12,N CD also has channels that yield a large value for I 21,N CD , if not exactly the maximum.Although we currently do not have a formal proof for this claim, which appears to be difficult to establish with any reasonable utility, simulations show that it is the case, as is provided Table I .
Consider two types of parameter setups. There are N = 2 relaying candidates for the first setup and N = 10 relays for the second setup. The channel factor is generated according to (2) where the distance between the relay R n and the source i, d iRn , is random chosen from the range [1m 10m]. For each experiment, the best relay is chosen according to the following criterion
which maximizes the value of I 12,N CD . Then using this chosen relay, the mutual information for the second source, I 21,N CD , is calculated. Ergodic capacity is then obtained by implementing Monte Carlo simulation. Since such the chosen relay is suboptimal for the second source, it can be expected that there will some performance penalty for the capacity of the second source. However, as shown in Table I , such performance loss due to the use of the suboptimal relay is neglectable.
III. INFORMATION-THEORETIC METRICS: OUTAGE AND ERGODIC CAPACITY
In this section, we aim to study two different informationtheoretic metrics in order to evaluate the performance of the proposed network coding protocol. The first is termed as outage capacity, or outage probability, which shows the robustness of a communication system and measures the data rate that can be supported with a certain error probability. The other is termed as ergodic capacity, which is intended to measure the long-term system throughput and obtained by averaging the mutual information over all possible channel realizations. In the following, the expression of the two kind of capacity will be developed for the proposed network coding protocol and compared with some existing schemes.
A. Outage capacity
First the definition of the outage capacity is given here. Definition 1: α% outage capacity is the data rate that can be supported with α%, i.e.,
From its definition, the outage capacity can be obtained from the cumulative distribution function (CDF) of the mutual information I NCD . Provided the relay selection strategy is not applied, a random relay R n is used for relaying. From (4), the mutual information achieved by such a random relay can be written as
where x n = 2ρ|h 1Rn | 2 and y n = ρ|h 2Rn | 2 . Due to the system symmetry, here we only focus on the mutual information I 12,N CD and the subscription {12} will be omitted to simplify notations.
As can be seen from (2), |h iRn | 2 will be exponentially distributed with the parameter d ρ . For the simplicity of analytical development, similar to [15] , it is assumed the the distance between relays is far less than the distance d in , which implies that
Hence the N mutual information will be identically independent distributed, which can be ordered as
And the relay corresponding to the largest value of the mutual information will be chosen according to the description of relay selection, which means that I (N ) = I NCD . Hence it is desirable to first find the density function of I n , and then the order statistics can be applied to find the CDF of I (N ) . Define z n = xnyn xn+yn+1 , and it is desirable to find the distribution function of z n , which is provided in the following lemma.
Lemma 1: Provided that x is exponentially distributed with λ x and y is exponentially distributed with λ y , the CDF of the variable z = xy x+y+1 can be shown as P (z < z)
is the modified bessel function of the second kind.
Proof: See Appendix. From Lemma 1, it is interesting to remark that Lemma 1 in [11] can be easily proved by using the following approximation
Furthermore, we can have the following theorem about the outage probability of the proposed protocol. Theorem 2: The exact expression of the outage probability for the proposed NCD can be shown as
where θ = 4λ xn λ yn γ(γ + 1) and γ = 2(2 R − 1). And, at high SNR region, the outage probability of the NCD can be shown as
Proof: See Appendix. From Definition 1, the outage capacity of the proposed protocol can be easily calculated by using Theorem 2. Furthermore, an important conclusion from Theorem 2 is that the proposed network coding protocol can achieve the diversity gain N , which is due to its superior ability to explore the diversity of wireless multipath fading. Provided the existence of multiple relays, it is possible that we can find one relay which has good connection with both two sources, which yields the so-called multi-user/relay diversity. As a comparable scheme, the PNC scheme can achieve the outage probability as
and the direct transmission scheme can have the outage probability
and the last equality of (15) follows from the approximation e −x ≈ x→0 1 − x. As can be seen from (15) and (16) , both the PNC scheme and the direct transmission can only achieve the diversity gain 1. Hence, provided that SN R is large enough, it is safe to conclude that the proposed NCD scheme can have larger outage capacity than the PNC scheme, which demonstrates that the proposed NCD is much more robust than the two comparable schemes.
Since the addressed scenario can be seen as a special case of distributed multiple-input multiple-output system, to which the diversity-multiplexing tradeoff is also of interest. We recall the definition of the diversity gain and multiplexing gain from [16] , [17] as
where P e is the ML probability of detection error and R is the data rate in bits per symbol period. By using Theorem 2, we can obtain the following corollary for the tradeoff.
The diversity-multiplexing tradeoff for the proposed network coding protocol can be expressed as
Proof: See Appendix. Again Corollary 3 confirms our claim that the proposed NCD protocol can achieve the diversity gain order N . Another important remark implied by Corollary 3 is that the NCD protocol can have the same multiplexing gain as the direct transmission scheme, whereas many exiting diversity schemes, such as the ones in [11] , [18] , can only achieve the fraction of the multiplexing gain 1. Such property is valuable because higher multiplexing gain typically yields higher ergodic capacity which will be discussed in detail in the following subsection.
B. Ergodic Capacity
Recall that having larger outage capacity does not necessarily ensure a system to have larger ergodic capacity. For example, cooperative protocols typically yield the larger outage capacity than direct transmission, but smaller ergodic capacity, which is due to that relaying transmission could cost the extra use of bandwidth resource. Recall that the proposed NCD only requires two time slots to accomplishing information exchanging, the same amount bandwidth resource required by the direct transmission scheme. Hence an intuition tells us that the proposed NCD protocol should be able to avoid the loss of ergodic capacity, which will be confirmed by the following developed results. First the definition for the ergodic capacity can be written as Definition 2: Ergodic capacity is the long-term data rate that a system can support, i.e.,
where f I (·) is the probability density function (PDF) of the mutual information I.
Hence the calculation of the ergodic capacity requires the expression of the PDF of the mutual information I NCD .
As can be seen from (11), the CDF of the I n includes the bessel function, which makes that the exact expression of its PDF difficult to be obtained. So it will be valuable for performance evaluation to develop the lower and upper bounds of the ergodic capacity. As a first step, the following theorem provides the upper and lower bounds for the CDF of the variable z n .
Lemma 4: Provided that x is exponentially distributed with λ x and y is exponentially distributed with λ y , the CDF of the variable z = xy x+y+1 can be bounded as
Proof: See Appendix. It can be expected that there are many other forms of bounds for P (z < z), however, the two bounds in Lemma 4 are chosen because of the similarity of their expression. It is interesting to observe that both two bounds are exponentially distributed, which will simplify the the following derivation. The development of the upper and lower bounds of the ergodic capacity will be exactly same, just with different parameters. By using Lemma 4, we can obtain the following theorem about the upper and lower bounds of the ergodic capacity.
Theorem 5: The ergodic capacity of the proposed network coding protocol can be bounded as the following
where C denotes the Euler's constant and
k+1 log(k + 1) − C log e − 1 is a constant not related with SNR.
Proof: See Appendix. It can be easily to be obtained that the ergodic capacity for direct transmission can be expressed as
ρ , Ei(·) denotes the exponential-integral function and d 12 denotes the distance between the two source nodes.
When SNR approximates to infinity, both two schemes will achieve the same ergodic capacity C DR ≈ C NCD ≈ log(ρ). However, for moderate SNR, there will a constant difference between the ergodic capacity achieved by two schemes, which can be bounded as
Assume that the all relays are situated at the middle of the two sources, we can have d 12 = 2d i , and then the difference of the two types of capacity can be simplified as
Note that for N ≥ 2, we can have
Recall the typical value of the path loss parameter α is larger than 2. Hence we can obtain
which demonstrates that the proposed NCD protocol can always achieve larger ergodic capacity than the direct transmission scheme. Unfortunately, the closed-form expression of the ergodic capacity for the PNC protocol can not be found, but we will provide simulation results for detailed comparison in the next section.
IV. NUMERICAL RESULTS
In this section, we will provide detailed simulation results to compare the performance of the proposed network coding protocol with the two compared schemes, the direct transmission and modified physical network coding scheme. As discussed in Section II-A, the adopted PNC scheme is only one of feasible solutions to extend PNC to wireless fading environments, and its purpose is to serve as a comparable scheme and facilitate performance evaluation. Since both the outage capacity and ergodic capacity are equally important information-theoretic measures, we will provide two subsections in the following for the two types of capacity respectively.
A. Outage Capacity
Consider that the two sources are separated with the distance d 12 = 2m, and all relays are situated at the center of the two sources,
The path loss factor is set as α = 2. Fig. 2 shows the outage capacity of the three transmission schemes at different SNR. As can be seen from the two sub-figures, the proposed protocol can achieve larger outage capacity than the two compared schemes. For example, at SNR = 20 dB, 10% outage capacity of the proposed scheme with the use of two relays is 3.5 bits/s/Hz whereas the physical network coding achieves only 2.5 bits/s/Hz and the direct transmission scheme achieves even less, only 1.9 bits/s/Hz (see Fig. 2 ). The capacity achieved by the proposed network coding can be furthermore improved with the use of more relays. In Fig. 2 , the results obtained by using the developed analytical formulations are also shown to be close to the Monte-Carlo simulation results, which demonstrates the accuracy of our developed analytical results.
When the distance of the two sources is enlarged, the performance of all schemes will be reduced as expected. As shown in Fig. 3 , it is interesting to observe that the PNC can achieve larger outage capacity than the proposed NCD at low SNR. But by increasing SNR, eventually the PNC will be outperformed by the proposed scheme. The reason for this phenomenon can be clarified as the following. Recall from Theorem 1, the outage probability of the proposed protocol is proportional to 1 ρ N multiplied by a constant. For low SNR, the constant multiplier could dominate the outage probability, and hence the difference of the diversity gain is not much important. But at the high region of SNR, 1 ρ N becomes the dominant factor, and eventually a scheme with higher diversity gain should achieve large outage capacity than the one with lower diversity gain.
B. Ergodic Capacity
Recall that the ergodic capacity provides us the long-term throughput a system can achieve. In Fig. 4 , the ergodic capacity achieved by the three schemes is shown as a function of SNR. As can be seen from the two sub-figures, the proposed protocol can achieve larger ergodic capacity than the direct transmission scheme at all SNR and the source separation distance, which is consistent to the analytical results developed at the end of Section III. One interesting observation from Fig. 4 is that the physical network coding is possible to outperform the proposed protocol for the large distance d 12 .
One reason for this is that large scale path loss becomes the dominant factor compared with the small scale multipath fading. But a more important reason is that the PNC utilizes the higher transmission power due to the use of the preequalization technology. For example, the signal transmitted by the source i can be written as
, which means the average transmission power of the source is d α i times of the power used by the proposed protocol. Furthermore, Fig. 5 is provided to show the relationship of the two developed bounds and the actual value of the ergodic capacity for the proposed protocol. As can be seen from the figure, the capacity of the propose scheme is accurately bounded within the area defined by the upper and lower bounds.
C. PNC with Diversity
The results provided previously show that our proposed can outperform the modified PNC and direct transmission schemes. Note that the discussed relay selection can be also applied to the PNC scheme. Hence it is an interesting question how the proposed network coding protocol compares with the PNC scheme with diversity, which is answered by Fig. 6 . Recall that the mutual information for the PNC scheme can be written as
which implies that I 12,P N C prefers the relay with the largest value of |h Rn1 | 2 , but I 21,P N C prefers the relay with the largest value of |h Rn2 | 2 . As one possible tradeoff, we choose the relay R n maximizing
|hR n1 | 2 +|hR n2 | 2 during the simulation, which will pick up the relay with the largest value of both two |h Rni | 2 with constraint |h Rn1 | 2 /|h Rn2 | 2 = 1. As can be seen from the figure, the performance of the PNC scheme could be improved by increasing the number of relaying candidates. However, the proposed scheme can achieve better performance than the PNC with diversity, specially for the large number of relays N . For different source separation distance, the PNC scheme is possible to outperform the proposed scheme. But the PNC scheme will always suffer the following two drawbacks. Firstly it requires the perfect synchronization. Furthermore, the PNC scheme typically requires larger transmission power than our proposed protocol, specially for the long distance between the two sources.
V. EXTENSION TO COOPERATIVE MULTIPLE ACCESS CHANNELS
The network coding protocol discussed previously is only suitable for the scenario that two sources are exchanging information with each other. In this section the idea of the network coding with diversity is extended to the cooperative multiple access channels. Consider a centralized communication system with 2 single-antenna sources, one relaying node and a central node, where the described protocol can be extended to the multi-user scenarios straightforward. Examples of such communication scenario could be a cellular system with multiple users communicating to a base station, or a sensor network controlled by a data-fusion center.
Similar to the scheme discussed previously, the cooperative transmission consists of two stages. During the first stage, both two sources are broadcasting their messages simultaneously, where both the relay and the common destination are listing. For the addressed centralized system, the strategy of relay selection can be easily implemented, which will be omitted due to the space limitation. The question of how to choose the criterion for relay quality comparison will be discussed later. Denote R as the relay which is chosen as the best relaying. Hence the observation at the best relay can be written as
and the observation at the central node is
where h ix denotes the coefficient of the channel from the source i to the node x. During the second stage, the relay will compress its observation and forward it to the central node. Hence at the second time slot, the the destination will receive
where β = |h 1,R | 2 + |h 2,R | 2 + 1/ρ is the factor to meet the power constraint. And combining (27) and (28), the signal model for such cooperative multiple access can be expressed as
Provided that a symmetric system is assumed here, the mutual information each use is able to achieve can be written as
, σ 2 is the noise power and the factor 1 2 is due to the fact that communication happens in 2 successive channel uses. After some algebraic manipulations, the mutual information can be written as shown in (31), which provides the criterion
for the relay quality comparison. According to Jensen's inequality, the ergodic capacity of such a system can be shown as in (32).
On the other hand, recall the signal model for direct transmission can be written as
which results the mutual information
Assuming that there are sufficient candidates for relaying nodes, it is possible that we can find a relay with good-quality incoming and outgoing channels to satisfy
,R| 2 +|h2,R| 2 +|hR,D| 2 . Now combining (34), (32) and (35), with sufficient candidates of relays, we can obtain
Such superior performance is due to the spectrally efficiency of the proposed CMA. The whole transmission process for the proposed scheme only requires two time slots, whereas relaying transmission for most existing cooperative schemes requires the extra use of time slots. For performance evaluation, it will be desirable to obtain the exact expression of the outage probability and ergodic capacity for the proposed protocol. However, the expression of I CMA in (30) is quite complex, and hence the performance of the proposed CMA will be examined by using Monte-Carlo simulations.
Consider an indoor rich-scattering environment which is typically assumed by existing cooperative schemes as in [11] , [12] . Hence all addressed channels can be treated as identically independent Raleigh distributed. The performance of the direct transmission scheme as well as the classical cooperative scheme in [11] , termed as the LTW scheme, is shown as the two comparable schemes. To be fair for the comparison, the strategy of relay selection is also applied to the LTW scheme. In Fig. 7 , the ergogic capacity of the three schemes is shown as a function of SNR. As can be seen from the figure, the LTW protocol can only realize a fraction of the capacity achieved by direct transmission. The reason for such phenomenon is that the LTW scheme requires the extra use of one channel use to increase the reception reliability. However, the proposed cooperative protocol does not suffer such loss of ergodic capacity as shown by the figure. The last figure, Fig. 8 , shows the density function of the mutual information for the three schemes. In general, the proposed cooperative scheme can achieve the largest outage probability for any outage probability, whereas the LTW scheme can only ensure the larger capacity than direct transmission at small outage provability.
VI. CONCLUSION
Physical layer network coding (PNC) has demonstrated the promise to provide significant throughput gains in wireless networks [1] , but significant problems in extending the technique to multipath fading channels have motivated questions about its widespread utility. Here, by reaching up to higher layers of the network and selecting a relay resulting in channel characteristics matched to the PNC approach, we are able to achieve the promise of physical-layer network coding and also to couple it with multi-user diversity gains. Two information-theoretic metrics, the outage and ergodic capacity, have been evaluated for the proposed scheme. The analytical and confirming simulation results show that the proposed protocol can achieve better performance than comparable schemes. Furthermore, by using the proposed approach to network coding, a new protocol of cooperative multiple access channels has been developed, which is shown to achieve more robust performance and higher system throughput than a direct transmission scheme and a classical cooperative protocol.
APPENDIX
Proof for Lemma 1 : Recall that both two variables x an y are exponentially distributed. From the definition, the CDF function can be written as
Since x ≥ 0, the integral area can be separated into two parts, and we can have
The first part at the left side of (38) can be easily calculated as
For the second part of (38), we can simplify it as Then combining (39) and (42), the lemma can be proved after some algebraic manipulations.
Proof for Theorem 2 : First the CDF of the mutual information I n is obtained as the following
By using Lemma 1, we can obtain
where θ n = 4λ xn λ yn γ(γ + 1) and γ = 2(2 R − 1). By using the order statistics, the density function of the largest value can be expressed as [20] 
Since θ n = 4λ xn λ yn γ(γ + 1), we can have θ → 0 for ρ → ∞ and a fixed value of the data rate R. Hence by using the approximation in (12) , the CDF of the outage probability can be approximated as
where the last inequality follows from the approximation e
And the high-SNR approximation of the outage capacity is proved. Proof for Corollary 3 : As pointed out in [16] , [17] , the optimal error probability can be tightly bounded by the outage probability, provided that the block length is long enough. So in the following, we will develop the diversity-multiplexing tradeoff by using the outage probability.
Following the similar steps in [12] , [16] , [17] , the diversitymultiplexing tradeoff for the proposed PNC can be obtained by substituting R = r log ρ into the expression of the outage capacity (45) as P (I NCD < r log ρ)
whereθ n = 8λ xn λ yn (ρ r − 1)(2(ρ r − 1) + 1). So from the definition of the diversity gain, we can have 
First of all, the upper and lower bounds of the bessel function are found. Recall from 8.432.3 in [19] , the modified bessel function of the second kind can have the following integral representation
where Γ(x) denotes the Gamma function. Since t ≥ 0, we can have the following inequality 
Hence the ergodic capacity of the proposed network coding protocol can be bounded as 
where μ = λ(k + 1), E i (·) denotes the exponential-integral function and the second equality follows from Eq. 4.331.2 in [19] . Recall that the exponential-integral function can have the following series representation
which means that the exponential-integral function can be approximated as E i (x) = C + ln(−x), for x → −0.
Recall that both 2(λ x + λ y ) and 2 √ λ x + λ y 2 will be close to zero for large SNR, which results the following approximation
k+1 ln e C [λ(k + 1)]
where the approximation of e −x ≈ x→0 1−x has also be applied. After some mathematics manipulations, the expression of the function f (λ) can be written as f (λ) ≈ log e 
